ABSTRACT: Virtual Reality (VR) technology can facilitate training in construction equipment operations, as the cost for virtual training is lower and the practical hazard is eliminated. This paper presents a virtual training system (VTS) for construction excavator operators based on a game engine tool. The focus of this paper is not to present a simulator that replaces those existing tools on the market, but to describe the development of a prototype for testing skill acquisition and transfer. The study reflects the experience of using a game engine to develop a VTS for an earthmoving excavator in a construction site. The development was initiated after exploring critical aspects of training. This paper also elaborates the principles of constructing a virtual excavator simulator based on the Unity3D game development engine.
INTRODUCTION
Concurrent with the popularity of gaming systems that utilize high-resolution graphics, simulator systems for training operators of specialized equipment are becoming more prevalent in the marketplace. Training for the operation of construction equipment is one of the leading applications because of the obvious benefits of reduced cost and hazards associated with training on real equipment in real field conditions. The general notion is that initial training in the simulated or virtual environment (VE) can save some of the trials and associated resources and exposure to hazards in the realworld practice phase that still must follow to ensure proficiency under real conditions. In addition, the gamelike objectives inherent in such tasks as earthmoving and driving make the simulator technology appealing to the high-technology-oriented younger generation of wouldbe construction equipment operators.
Much research has been conducted in human factors and ergonomics relating to fidelity of flight simulators and design of effective training routines (Koonce & Bramble, 1998) . Driving simulators of various fidelities have also been used to train student drivers and evaluate issues concerning vehicle and road design in safe environments (Boyle & Lee, 2010) . Most recently, the medical community has turned to the use of simulators to create noncritical environments in which, for example, surgical procedures can be practiced (Dunkin, 2010) . However, there have been few rigorous investigations of the applications of heavy equipment operator training simulators for the construction industry. When the topic is found in the published literature, the focus almost always is on technical aspects of prototype systems rather than on learning or transfer of training (Dopico et al., 2010) . Of the skill-oriented studies, Hildreth and Stec 2009b) emphasized using the simulator to study how the operator's control of a real machine could be improved through cognitive aids. As the use of VR-based simulators is becoming more widespread, in the present article we consider simulator applications for training of heavy equipment operators-primarily operators of earthmoving equipment such as backhoes and loaders-a topic that has tended to be neglected in human factors and ergonomics.
SKILL ACQUISTION AND TRANSFER
The general literature on skill acquisition divides skill types into sub-domains that overlap considerably and are often distinguished in name only for "heuristic convenience" (Newell, 1991) . However, the general use of the comprehensive term perceptual-motor skill is commonly used to capture the relation between cognitive and perceptual elements that are related to the performance of motor tasks. Wang and Dunston (2005) also use the term sensorimotor skill instead of pure motor skill to underscore the element of a feedback loop that is present even when executing a simple motion control. 
AN INTEGRATED TRAINING PROGRAM
We use the term "simulator" to refer to any mock-up of 
SIMULATOR CONSTRUCTION
We selected Unity3D, a game engine, as a simulator construction tool because of its easy programming and versatility. Unity3D has an advantageous world building tool, user-friendly interface, and lots of target platforms The following picture shows the Unity3D development interface for excavator (Fig. 1 ). Game and scene views can be randomly dragged in a separate part within user interface, while the hierarchy, projector and inspector views can be positioned in the right of the partition line. First of all, the virtual construction site was created using the 'terrain editor', a particular tool to create diverse terrains in Unity3D. 'Terrain editor' encapsulates the functions of raising/lowering the terrain, smoothing terrain, planting trees, defining wind and so on, in which arbitrary definitions of complex terrain are easy to obtain by users. In our preview, some trees are planted on the uneven grass ground. Since a critical requirement in terrain processing is to make a simulated environment closer to reality, some particular acoustic and optical effects are added into the scene, e.g., breeze, swinging trees, moderate sunlight, decent shadow and ambient sound.
After the creation of the simulated construction site, a patterned and accurate excavator needs to be placed inside it. Therefore, conforming to the real-scaled excavator components, a virtual prototype excavator was designed based on drawing software 3dsMax and formatted it as *.fbx file, which can be later recognized by Unity3D without exported mistake. At the same time, for alleviating modeling work, the surrounding immobile buildings were selected from varieties of online model resources and applied to the construction site (Fig. 2) . (Fig. 3) . The affiliation of each module is as follows: the bucket is connected to the swing, the swing is subject to the boom, the boom is based on the cabin and the base is on the top of the hierarchy (Fig. 4) . Last but not least, the construction of VTS raises some specific requirements: be able to monitor, record, display bucket trajectory during digging, and be able to display stereoscopically from cabin perspective and bird's eye perspective. To achieve these, an invisible trail renderer is set on the left corner of the bucket, and a script for rendering the trail is added into the render so that the trajectory of the bucket edge can be spatially exhibited in terms of red arc. Besides, the main camera is realized by a positional switch between inner-cabin and outer-cabin (Fig. 5) . Except the main camera, an aided camera for profile view is installed on the same level of the base and an inset window is created at the bottom of right corner for the trainer and trainee to inspect (Fig. 5) . Also, monitor time of execution of a simple task can be realtime calculated and shown. The last thing is to make the system work with joysticks for directing the equipment functions. Fortunately, Unity3D enables the direct mapping between keyboard and joystick after building the game. Before each starting the VTS, user can modify the key mapping through the mapping interface. Now, the VTS is completed. 
Control Pattern

CONCLUSIONS AND FUTURE WORK
The two critical primary themes outlined in this paper are 
